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Neutrino	
  Oscilla8ons
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* Since	
  1998	
  observa1on	
  of	
  non-­‐zero	
  neutrino	
  
mass,	
  neutrino	
  oscilla1ons	
  phenomenon	
  is	
  of	
  
great	
  interest	
  

!
!
* The	
  oscilla1ons	
  depend	
  on	
  the	
  energy	
  of	
  the	
  
neutrinos	
  and	
  the	
  distance	
  they	
  travel	
  

3	
  Neutrino	
  
flavor	
  states



Short	
  Baseline	
  Oscilla8on	
  νµ	
  -­‐>	
  νe	
  Anomalies

LSND	
  (Liquid	
  Scin8llator	
  Neutrino	
  Detector):
Looking'for'an'electron'appearance'signal'in'a'νμ'beam.'

νμ# νe# e+#
_#

Eν'='20'–'55'MeV' Baseline'='30m' p# n#

MiniBooNE	
  Result:

Excess	
  of	
  low	
  energy	
  
electromagne1c	
  events	
  in	
  
neutrino	
  and	
  an1neutrino	
  

mode.	
  
!

But	
  MiniBooNE	
  can’t	
  
differen8ate	
  between	
  
electrons	
  and	
  gammas!	
  

PRD 64, 112007 (2001)

PRL 110, 161801 (2013)
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3.8σ significance



e/𝛄	
  Separa8on	
  with	
  LArTPC
Case	
  1:	
  The	
  neutral	
  𝛄(	
  	
  	
  	
  )	
  is	
  observed	
  as	
  a	
  
gap	
  between	
  vertex	
  and	
  EM	
  shower	
  or	
  
between	
  showers	
  
!
!!!!!!!!!!Case	
  2:	
  If	
  the	
  gap	
  is	
  too	
  small	
  to	
  be	
  
observed,	
  the	
  charge	
  at	
  the	
  start	
  of	
  the	
  
shower	
  can	
  be	
  reconstructed	
  through	
  a	
  
measurement	
  of	
  dE/dx

5WINP,	
  2015 Jyo8	
  Joshi

PRELIMINARY

A.Szelc
ArgoNeut	
  MC

ArgoNeut	
  MC



MicroBooNE	
  may	
  see?

With	
  Improved	
  e/𝛄	
  separa8on,	
  MicroBooNE	
  can	
  determine	
  the	
  nature	
  of	
  low-­‐E	
  excess	
  
!
!
!
!
!
!
!
	
  	
  	
  	
  *	
  If	
  electron	
  :	
  	
  Sterile	
  Neutrino	
  ?	
  
	
  	
  	
  	
  *	
  If	
  photons	
  :	
  	
  neutral	
  current	
  backgrounds	
  	
  

For$an$e(like$excess$

Approach(to(inves/gate(the(excess:(
•  Same%beam%
•  Same%baseline%
•  Detector%that%can%dis2nguish%e%and%γ%

6 6WINP,	
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  Joshi

For$an$e(like$excess$ C.Adams



7

Nuclear	
  Effects	
  with	
  LArTPC

7WINP,	
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!
* Nuclear	
  effects	
  play	
  a	
  major	
  role	
  in	
  ν-­‐N	
  interac1ons	
  for	
  heavy	
  nuclear	
  targets	
  	
  
!
* The	
  Time	
  Projec8on	
  Chamber	
  technology	
  opens	
  new	
  perspec8ve	
  for	
  detailed	
  
reconstruc8on	
  of	
  the	
  final	
  state	
  event	
  topologies	
  with	
  low	
  energy	
  threshold	
  
!

* MicroBooNE	
  will	
  provide	
  high	
  sta8s8cs	
  sample!	
  

Final&state&
interac,ons&
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νμ&
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Two$nucleons$in$correla.on$
Means$for$the$experimentalist:$$

$Mul$%nucleon*knockout!*
The$pair$has:$

$large$rela.ve$momentum,$$
$small$total$momentum$

Mul$%nucleon*knockout*
through*re%interac$on*of*the*
outgoing*nucleon*

A.Schukraft
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Neutrino	
  Interac8on	
  Cross-­‐sec8on
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Neutrinos*interac-ng*with*nucleons*
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T2K,*LBNE,*NOνA*

Lots*of*interes-ng*(nuclear)*physics*over*all*energy*ranges.*

Many*open*ques-ons*
need*experimental*&*

theore-cal*input!*

MicroBooNE:"*perfect*to*explore*the*QE*regime!*

8 8WINP,	
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* Understanding	
  low	
  energy	
  cross	
  	
  	
  
sec1ons	
  is	
  crucial	
  to	
  many	
  
oscilla1on	
  searches	
  	
  

!
!
* This	
  MicroBooNE	
  energy	
  range	
  
covers	
  the	
  second	
  oscilla1on	
  
maximum	
  of	
  ELBNF	
  

!
* Good	
  understanding	
  of	
  ν-­‐Ar	
  
cross	
  sec1on	
  and	
  event	
  
topology	
  is	
  crucial	
  for	
  the	
  MH	
  
determina1on	
  and	
  future	
  
precision	
  measurement	
  of	
  CP	
  
phase

uBooNE&
neutrino&
energy&
range&

Jyo8	
  Joshi

ELBNF ELBNF



LArTPC	
  Technology



Liquid	
  Argon	
  Time	
  Projec8on	
  Chambers

Excellent	
  Resolu8on	
  and	
  Calorimetry!	
  

Why	
  argon	
  ?	
  
!
* Ioniza1on	
  charges	
  dri[ed	
  through	
  
macroscopic	
  distances	
  	
  

* High	
  Scin1lla1on	
  yield	
  (40,000	
  𝛄/MeV)	
  
* Argon	
  is	
  rather	
  cheap	
  and	
  abundant	
  in	
  
nature	
  ($5/kg)	
  

* Dense	
  detectors	
  can	
  be	
  made	
  (1.4	
  g/cm3)

* Ioniza1on	
  electrons	
  detected	
  by	
  a	
  series	
  of	
  wire	
  planes	
  
	
  	
  	
  	
  	
  -­‐	
  Par1cle	
  Iden1fica1on,	
  calorimetry	
  and	
  tracking	
  
!
* Scin1lla1on	
  light	
  collec1on	
  system	
  	
  
	
  	
  	
  	
  	
  -­‐	
  Trigger	
  and	
  t0	
  reconstruc1on	
  

10 10WINP,	
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M.Soderberg
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Aachen,(Jan(13,(2015( Anne(Schukra3,(Fermilab( 6(

Booster'
Circumference:'468m'
Proton'Energy:'8'GeV'

Linac'
Length:'150m'
Proton'Energy:'400'MeV'

Fermilab’s(Booster(Neutrino(Beam((BNB)(

Protons'

Neutrinos'

MicroBooNE)
detector)

11

Fermilab’s+low$energy+neutrino+beam+
<Eν>+≈+700+MeV+



The	
  MicroBooNE	
  LArTPC

* Time	
  Projec8on	
  Chamber:	
  
! • Three	
  planes	
  of	
  wire	
  at	
  3mm	
  pitch	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  One	
  Collec1on	
  plane	
  at	
  0o	
  from	
  ver1cal	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  Two	
  induc1on	
  planes	
  at	
  ±60o	
  

• Total	
  8256	
  channels	
  
• 1.6	
  ms	
  dri[	
  1me	
  (2.5	
  m	
  dri[	
  length	
  @	
  500	
  V/cm)	
  
!

* 	
  Op8cal	
  System:	
  	
  
! • 32	
  cryogenics	
  photomul1pliers	
  (PMT)	
  

• LED	
  based	
  light	
  injec1on	
  system	
  
!
* 	
  UV	
  Laser	
  Calibra8on	
  System	
  
!
*	
  	
  	
  High	
  Voltage	
  System

*	
  10.3	
  m	
  x	
  2.3	
  m	
  x	
  2.5	
  m	
  
*	
  Uniform	
  field	
  of	
  500	
  V/cm	
  
*	
  170	
  tons	
  of	
  purified	
  LAr	
  
	
  	
  	
  (acAve	
  volume	
  ~80	
  tons)

12 12WINP,	
  2015

•  The$first$TPC$to$use$electronics$immersed$in$LAr$
•  The$first$TPC$to$use$passive$insula8on$&$filling$w.o.$evacua8on$

Many	
  Innova8ons	
  in	
  detector	
  technology

Jyo8	
  Joshi



Cryostat

Cryostat

Op8cal	
  System PMT

13



Three	
  wire	
  planes

500	
  V/cm

TPC	
  Pipes

14

Successfully	
  passed	
  the	
  CD4	
  
review!	
  



Signal	
  Readout:	
  Electronics

* Cold	
  Electronics	
  	
  (Veljko	
  R.,	
  Hucheng	
  C.,	
  Bo	
  Y.,	
  Gianluigi	
  G.,	
  Craig	
  T.)	
  
• CMOS	
  ASIC-­‐based	
  design	
  developed	
  at	
  BNL	
  

	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  Reduces	
  noise	
  and	
  hence	
  increased	
  sensi1vity	
  
• Electronics	
  calibra1on	
  
• Transport	
  (analog)	
  signal	
  through	
  liquid	
  and	
  
gaseous	
  argon	
  	
  

!
* 	
  Warm	
  Electronics	
  	
  

• Intermediate	
  amplifiers	
  for	
  addi1onal	
  
amplifica1on	
  with	
  minimal	
  noise	
  

• Cables	
  of	
  ~10	
  m	
  in	
  length	
  from	
  cryostat	
  
feedthrough	
  to	
  readout	
  crate	
  

!
* Front	
  End	
  Modules	
  

• Signal	
  digi1za1on	
  at	
  2	
  MHz	
  sampling	
  rate	
  
• Signal	
  processing	
  via	
  FPGA	
  

15 15WINP,	
  2015 Jyo8	
  Joshi

ARGONTUBE	
  results	
  by	
  M.	
  Schenk,	
  Uni	
  Bern
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UV	
  Laser	
  Calibra8on	
  -­‐	
  Space	
  Charge

16WINP,	
  2015

Space	
  Charge	
  effect	
  -­‐	
  modifica1ons	
  of	
  E	
  field	
  in	
  TPC	
  due	
  
	
  	
  	
  	
  	
  to	
  build-­‐up	
  of	
  posi1vely	
  charged	
  ions	
  from	
  cosmic	
  rays	
  
!
* Impacts	
  on	
  reconstruc1on	
  of	
  tracks/showers	
  in	
  
detector	
  

500	
  V/cm 250	
  V/cm

Laser	
  system	
  together	
  with	
  cosmic	
  muons	
  can	
  be	
  used	
  
to	
  calibrate	
  out	
  space	
  charge	
  effect	
  and	
  other	
  sources	
  of	
  
E	
  field	
  inhomogeneity	
  	
  
!
* True	
  laser	
  track	
  +	
  reconstructed	
  laser	
  track	
  -­‐>	
  
measured	
  ioniza1on	
  correc1on	
  map

M.Mooney

Jyo8	
  Joshi



Photo-­‐Detec8on	
  System

Wavelength*
shi-ing*TPB*
coa3ng*

Shi-s*argon*
scin3lla3on*light*(VUV)*
to*a*wavelength*in*the*
PMT*acceptance*region*

17 17WINP,	
  2015

* Array	
  of	
  32	
  PMTs	
  sits	
  behind	
  the	
  
TPC	
  wires	
  

	
  	
  	
  	
  -­‐	
  TPB-­‐coated	
  acrylic	
  plates	
  	
  
	
  	
  	
  	
  	
  	
  	
  wavelength	
  shi[	
  128-­‐nm	
  light	
  
	
  	
  	
  	
  -­‐	
  Two	
  gain	
  senngs	
  
!
!
* PMTs	
  provide	
  important	
  1ming	
  	
  	
  
informa1on	
  

	
  	
  	
  	
  -­‐	
  	
  Precise	
  “t0”	
  for	
  start	
  of	
  electron	
  
	
  	
  	
  	
  	
  	
  	
  dri[	
  
	
  	
  	
  	
  -­‐	
  	
  Time	
  and	
  posi1on	
  of	
  out-­‐of-­‐1me	
  
	
  	
  	
  	
  	
  	
  	
  	
  ioniza1on	
  	
  

• Cosmic	
  ray	
  overlap	
  	
  	
  	
  	
  	
  	
  	
  

Jyo8	
  Joshi



The	
  High	
  Voltage	
  System

18WINP,	
  2015 Jyo8	
  Joshi

* HV	
  feedthrough	
  is	
  modeled	
  on	
  ICARUS	
  feedthrough	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  A	
  stainless	
  steel	
  outer	
  ground	
  tube	
  
	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  An	
  UHMW	
  PE	
  insula1ng	
  layer	
  (Ultra	
  high	
  molecular	
  weight	
  polyethylene)	
  

!
* 	
  Design	
  voltage	
  is	
  128	
  kV	
  for	
  500	
  V/cm	
  
	
  	
  	
  	
  	
  	
  	
  -­‐	
  	
  Highest	
  Voltage	
  in	
  LArTPC	
  neutrino	
  beam	
  detector	
  

• Need	
  it	
  for	
  the	
  long	
  dri[	
  	
  	
  

Lesson	
  Learned	
  
!
* From	
  literature,	
  dielectric	
  strength	
  of	
  LAr	
  is	
  ~	
  1.4	
  MV/cm	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
* Recent	
  studies	
  from	
  FNAL	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  and	
  Bern	
  group	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  
shows	
  breakdown	
  at	
  fields	
  as	
  low	
  as	
  40	
  kV/cm	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

!
* Bern	
  group	
  :	
  using	
  polymer	
  coa1ng	
  dielectric	
  breakdown	
  can	
  
be	
  suppressed	
  in	
  LAr	
  ioniza1on	
  detectors(	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )

1401.6693

1406.3929

D.	
  Swan	
  et	
  al.	
  J.Electrochem.Soc.,	
  vol.	
  107,	
  no.	
  180,	
  1960.

1408.0264

http://arxiv.org/abs/1401.6693
http://arxiv.org/abs/1406.3929v1
http://arxiv.org/abs/1408.0264


Mi8gate	
  HV	
  Damage

19WINP,	
  2015 Jyo8	
  Joshi

* If	
  feedthrough	
  or	
  cathode	
  discharges,	
  very	
  high	
  
voltage	
  can	
  damage	
  field	
  cage	
  resistors	
  and	
  can	
  	
  

	
  	
  	
  	
  lead	
  to	
  down1me	
  
!
	
  Surge	
  Protec8on	
  
!
* Use	
  durable	
  resistors	
  on	
  1/4	
  of	
  the	
  TPC	
  with	
  high	
  	
  
	
  	
  	
  	
  power	
  and	
  voltage	
  ra1ngs,	
  48	
  kV	
  ra1ng	
  (in	
  air)	
  
	
  	
  	
  	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  
!
* Use	
  varistors	
  on	
  the	
  first	
  1/2	
  of	
  the	
  	
  
	
  	
  	
  	
  TPC	
  	
  to	
  protect	
  the	
  resistors	
  	
  
	
  	
  	
  	
  	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  

On	
  First	
  16	
  of	
  64	
  field	
  cage	
  rings	
  

On	
  First	
  32	
  of	
  64	
  field	
  cage	
  rings	
  
1408.4013

1406.5216

For	
  More	
  detail:	
  
Sarah	
  Lockwitz’s	
  WINP	
  talk	
  :	
  	
  Link

http://arxiv.org/abs/1408.4013
http://arxiv.org/abs/1406.5216
https://indico.bnl.gov/getFile.py/access?contribId=91&sessionId=10&resId=1&materialId=slides&confId=918


Reconstruc8on	
  Framework



Reconstruc8on	
  Chain

Fine	
  grained	
  events	
  -­‐>	
  Lots	
  of	
  informa1on	
  -­‐>	
  Challenging	
  reconstruc1on!	
  

21 21WINP,	
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Signal	
  Processing

22 22WINP,	
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Signal	
  Strength	
  in	
  terms	
  of	
  E.F	
  &	
  	
  
Electron	
  Life8me

Signal	
  in	
  terms	
  of	
  distance	
  to	
  wire	
  plane	
  
and	
  angles

Jyo8	
  Joshi

Raw	
  Signal
Induc8on

Collec8on

MicroBooNE	
  	
  
Simula8on



Event	
  Reconstruc8on
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Future	
  of	
  Short	
  Baseline	
  Program
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SBN Program Layout!

1/15/15!Peter Wilson | SBN Program Implementation!1!

MI#12&

Far&Detector&–&Icarus&
760t&LAr&

&

MiniBooNE&
&

MicroBooNE&
(exis>ng)&
170t&LAr&

Near&Detector&
Lar1#ND&
180t&LAr&

MINOS&

ν"ν"

Plans	
  to	
  add	
  two	
  addi8onal	
  LAr	
  TPC	
  detectors	
  on	
  BNB	
  for	
  an	
  enhanced	
  	
  
sterile	
  neutrino	
  search!	
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Concluding	
  Remarks
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* LArTPC	
  is	
  an	
  exci1ng	
  detector	
  technology	
  for	
  use	
  in	
  precision	
  neutrino	
  physics	
  
measurements	
  	
  

!
* MicroBooNE	
  is	
  the	
  first	
  and	
  key	
  component	
  of	
  Short	
  Baseline	
  Program	
  and	
  is	
  an	
  
important	
  test	
  bed	
  for	
  ELBNF:	
  

	
  	
  	
  	
  -­‐	
  	
  Interes1ng	
  physics	
  reach	
  for	
  ~eV	
  sterile	
  neutrino	
  and	
  neutrino-­‐Ar	
  cross	
  sec1on	
  
	
  	
  	
  	
  -­‐	
  	
  Innova1on	
  in	
  technology	
  	
  	
  

• Design,	
  manufacture	
  and	
  use	
  of	
  cold	
  electronics	
  
• Fill	
  without	
  evacua1ng	
  	
  
• Long	
  dri[	
  length	
  (HV	
  and	
  purity)	
  
• Automated	
  reconstruc1on	
  and	
  improvement	
  in	
  simula1on	
  

!
*	
  	
  	
  Data	
  taking	
  is	
  expected	
  in	
  2015!	
  

25WINP,	
  2015

Stay	
  tuned	
  for	
  an	
  exci8ng	
  physics	
  program…!!	
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Booster'
Circumference:'468m'
Proton'Energy:'8'GeV'

Linac'
Length:'150m'
Proton'Energy:'400'MeV'

Fermilab’s(Booster(Neutrino(Beam((BNB)(

Protons'

Neutrinos'

Fermilab’s+low$energy+neutrino+beam+
<Eν>+≈+700+MeV+
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Space	
  Charge
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HV	
  Breakdown
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Cryogenics	
  System
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LSND/MiniBooNE	
  Signal	
  with	
  LArTPC
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More%later…%

New(technologies(in(MicroBooNE(

MicroBooNE(adds(some(new(technologies(
to(the(LArTPC(development:(

NonJevacuated(vessel(

Cold(lowJnoise(
readout(electronics(

ApplicaKon(of(surge(
protecKon(devices(

Long(dri3/
high(HV(

UV(laser(
calibraKon(
system(
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